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FIG. 1. Schematic sketch of the simulated single–particle imaging experiment, showing the undu-

lator section, horizontal o↵set mirrors, and focussing mirrors. Di↵racted photons are registered in

the detector. The inset shows the simulated molecule 2NIP.

Electronic damage (i.e. ionization), however, sets in even earlier with the very first

photons hitting the sample, producing photo–electrons of a few hundred to a few thousand

eV kinetic energy. This process is typically followed by Auger decay on time scales of a

few femtoseconds. Precise values vary between chemical elements. Auger lifetimes of the

most abundant 2NIP constituent atoms range between 4.9 fs (Oxygen) and 10.7 fs (Carbon)

[6, 12]. Auger electrons from L or M shells leave the atom with a few hundreds of eV,

triggering an avalanche of secondary impact ionization on time scales of roughly 10-100 fs,

creating the strong repulsive forces between ions responsible for the Coulomb expansion [13].

The immediate e↵ect of increased ionization, noticable already before the ionic displace-

ment sets in, is a decrease in the amount of coherently scattered photons since the elastic

scattering cross–section scales with the square of the number of bound electrons. In this

work, we study whether we can further improve the signal level and signal–to–noise ratio,

and thereby in turn the consistency of oriented di↵raction volumes, by reducing the pulse

duration to 3 fs FWHM, i.e. shorter than the Auger lifetime of most 2NIP constituents.

Our simulations track the x–ray photons from their generation in the FEL’s undulator

structure through the x–ray optical beam line to the sample interaction point. We take into

account the stochastic nature of self–amplified spontaneous emission (SASE) x–ray pulses

in the temporal and spectral domain, as well as imperfections of optical elements in the

beamline. Subsequently, we model the photons’ interaction with and scattering from the

sample including time dependent e↵ects and their eventual registration in the detector. Ori-

entation and phasing [3] of the simulated di↵raction patterns are also part of the simulation
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Reminder: The scope of the SPB/SFX Instrument 
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Reminder: The scope of the SPB/SFX Instrument 

Everything forward scattering—predominantly Serial Crystallography and  
single particle imaging of biological samples 
and including time resolved experiments

Data: SPI initiative, SLAC

www.xfel.eu 

Experiment and samples 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Towards 3D Single Particle Imaging using a model, non-
crystalline system with weak 3D diffraction data 
K. Giewekemeyer1, A. Aquila1,2*, N.D. Loh3, Y. Chushkin4, K.S. Shanks5, J.T. Weiss5, M.W. Tate5, H.T. Philipp5, S. Stern6, P. Vagovic6,  C.H. Yoon1,6,2*, 
M. Mehrjoo1, F. Zontone4, D. Vine7, R. Harder7, C. Chang2, R. Tiberio8, A. Sakdinawat2, G.J. Williams2,9*,  S.M. Gruner5, and A.P. Mancuso1 
1European XFEL, Hamburg, Germany; 2SLAC National Accelerator Laboratory, Menlo Park (CA), USA; 3Centre for BioImaging Sciences, National University of Singapore, Singapore; 4ESRF – The European 
Synchrotron, Grenoble, France; 5Department of Physics, Cornell University, Ithaca (NY), USA;  6CFEL/DESY, Hamburg, Germany; 7Argonne National Laboratory, Argonne (IL), USA; 8Stanford University, 
Stanford (CA), USA; 9Brookhaven National Laboratory, Upton (NY), USA 
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Results (work in progress) 

Preliminary conclusions and outlook 

Far field diffraction data from a nano-fabricated gold sample 
(sidelength ~800 nm, for similar sample see SEM picture (a)) was 
collected at beamline ID10 of the ESRF. Data from rotation angles 
θ = -80˚...72˚ was obtained using the high-dynamic range Mixed-
Mode Pixel Array Detector (MM-PAD), developed at Cornell 
University [3]. Then the sample was rotated along the beam 
direction by ca. 50°and another rotation series was collected (θ = 
-82˚...66˚). Due to the high dynamic range of the detector (>108 
photons/sec/pixel) no beamstop was required, allowing for full 
control of the scattered and unscattered beam. 
To arrive at the low signal level expected for scattering from small 
particles at FEL sources [4], 2000 frames per projection were 
collected, with 25 msec/frame exposure time, totalling in 456,000 
diffraction patterns for the full dataset presented here. In addition, 
the beam was attenuated by a factor of ~3.4. Corresponding 
background data (on the empty membrane) was collected as well. 
The average number of incident photons per frame was around 
5.9×105 photons, with around 111 scattered photons per frame 
(outside the central speckle). 

We obtained a 3D diffraction dataset with a relatively small missing cone (~30˚) and 228 orientations, 
divided into 2000 frames per projection. Diffraction data was measured without a beamstop, using 
the MM-PAD detector [3]. Individual frames have scattering levels in the range that is expected for 
FEL single-shot diffraction of macromolecules [4], allowing for a realistic experimental test of 
currently available orientation algorithms, such as EMC [2] or manifold embedding [5].  
The dataset comprising 456,000 individual frames was assembled into a 3D diffraction volume 
without the knowledge of the frames‘ orientation in 100 iterations of the EMC algorithm [2]. The 
phasing step was performed using the Hybrid-Input-Output (HIO) algorthm, combined with Error 
Reduction (ER).  
According to these still preliminary results EMC can be applied successfully in the SPI case to 
experimental data frames with as little as around a 100 photons per frame. Applications to data with 
higher background noise, taken at APS, are planned. 

Due to their unique source properties, recent and future Free Electron Laser 
(FEL) sources offer the potential of 3D Coherent X-ray Diffractice Imaging 
(CDI) of isolated, very small particles such as viruses or macromolecules, 
without the need for signal enhancement through crystallization [1]. Due to 
the Coulomb explosion initiated by the interaction of a very short (<100 fs) 
and bright (≥1012 photons) X-ray pulse with a single sample particle, this 
needs to be replenished continuously. Therefore, to obtain a 3D structure of 
the sample, diffraction data from a very large number of reproducible 
particles in random 3D orientations needs to be collected. The large number 
is required as (i) a certain amount of orientations is needed to cover all 
possible orientations and (ii) diffraction from particles as small as 
macromolecules is very weak, with signal levels of N~103 scattered photons 

per frame and less. Before the 3D electron density can be reconstructed 
based on iterative phase retrieval (phase problem), it is necessary to first 
reconstruct the 3D intensity distribution in reciprocal space (orientation 
problem) [2]. A considerable challenge in this process is experimental 
background scattering from the sample medium, the instrument, etc., which 
can be as high as the signal itself. 
To study the effect of this background and in order to establish, improve and 
evaluate the analysis steps from diffraction data collection to 3D structure 
retrieval we experimentally mimic an FEL experiment using a coherent 
synchrotron beam, with realistic signal level and background. As samples we 
use colloidal nano-particles and nano-frabricated gold structures with well-
known shape and composition. 

(a) 
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no beamstop 

Sample on  
Si-Nitride 
membrane 

� Unfocused undulator beam, apertured to 
ca. 10 μm×10 μm FWHM (hrz.×vrt.) 

� Eph = 8.1 keV 
� Sample-detector distance: 4.0 m 
� Beam apertured by roller-blade  

guard slits (not shown) 
� Flight path largely evacuated 
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3D Diffraction volume reconstructed by EMC  

3D intensity after 100 iterations of the Expansion-Maximization-Compression (EMC) 
algorithm [2]. Different views on the same intensity distribution are shown. The algorithm was 
initialized  by a random 3D distribution. 

Real-space reconstruction 

To reach the reconstruction on the 
left, 560 iterations (Hybrid-Input-
Output) with Shrinkwrap support-
refinement (every 20th iteration) 
were performed. The threshold 
parameter for the Shrinkwrap-
process was set to 0.1. Finally, 240 
iterations of Error Reduction were 
added to reach a local minimum. An 
average of 55 reconstructions is 
shown here, iso-surface-renedered. 
The voxel sidelength is 15.9 nm. 

*Present address 

Outlook: Data with high background level 

Typical single frame (with sample) 

Typical single frame (w/o sample) 

Outline of sample (Au  
nano-particles) at one 
orientation. 

Data collected in a very similar manner at 
Advanced Photon Source, beamline 34IDC. 

Data: K. Giewekemeyer, et al

Sim recon: Yoon, et al
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Fig. S4. Schematic of the experimental setup. (A) A lipidic cubic phase (LCP) microjet 
continuously transports microcrystals across the focused XFEL beam. X-ray diffraction is 
recorded on a detector for each and every XFEL exposure. A green ns laser is used to 
photo-activate bR microcrystals prior to the arrival of an XFEL pulse. (B) Data collection 
sequence illustrating how X-ray diffraction data were collected at 30 Hz from photo-
activated (green laser flash, 15 Hz) and resting (no laser flash) in an interleaved fashion.  

Figure: Nango, et al, Science, 2016

Image: PDB 4W4Q
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Schematic overview of the SPB/SFX Instrument

3-16 keV

Two mirror systems AGIPD 2D detection

The Single Particles, Clusters and Biomolecules (SPB) Instrument of the European XFEL

29th January, 2014, European XFEL Users’ Meeting, Hamburg, Germany 
Adrian Mancuso, Leading Scientist, Single Particles, Clusters and Biomolecules (SPB) Instrument, European XFEL

The Single Particles, Clusters and Biomolecules (SPB) instrument at the European XFEL

! (R) 3–16 keV, forward scattering instrument
! (R) Micron-scale and 100 nm scale focal spots
!(R) Natural bandwidth (< 0.3%)
!(R) High dynamic range, single photon sensitivity and large number of pixels 

in detector(s)
! (G) Highest pulse energies delivered to sample 

(maximise transmission)
! (G) Highest quality wavefront
! (G) Full train rate compatible
!(C) Pulse durations < 10 fs – 100 fs
!(C) Highly spatially coherent beam

Reminder: 
Requirements, Goals and Constraints

[1] A. P. Mancuso and H. N. Chapman, International Workshop on Science with and Instrumentation for Ultrafast Coherent Diffraction Imaging of Single 
Particles, Clusters, and Biomolecules (SPB) at the European XFEL (2011). 

[2] A. P. Mancuso, Conceptual Design Report: Scientific Instrument SPB, 2011. dx.doi.org/10.3204/XFEL.EU/TR-2011-007 

[3] A. P. Mancuso, et al, Technical Design Report: Scientific Instrument SPB, 2013. dx.doi.org/10.3204/XFEL.EU/TR-2013-004

!4

29th January, 2014, European XFEL Users’ Meeting, Hamburg, Germany 
Adrian Mancuso, Leading Scientist, Single Particles, Clusters and Biomolecules (SPB) Instrument, European XFEL

Refocusing CRLs



The SPB/SFX Instrument: An update and route to early experiments Adrian Mancuso, Leading Scientist SPB/SFX Instrument, 25th January, 2017 4

Schematic overview of the SPB/SFX Instrument

Two interaction regions
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Schematic overview of the SPB/SFX Instrument

Serial Crystallography

Coherent imaging

Pump-probe

SFX UC Contribution
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The (limited) day one parameters of the  
SPB/SFX instrument What you can expect:

~ 8.86 keV photon energy
~2.5 µm spot size from tunnel CRLs
Liquid jet, aerosol & fixed target sample delivery
AGIPD 1Mpx detector, < 2Å resolution at edge
“Basic” (ps and longer) pump-probe capability
Essential diagnostics and beam conditioning
SPB/SFX Instrument team
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Instrument progress I (big, shiny and exciting): 
Nano-mirror tanks on a truck and on their way to Schenefeld!
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Instrument progress II (boring but important): 
In house pre-installation testing regime 

 
 
 
 
 
 

 

SPB/SFX'Instrument'
'
A'sketch'of'the'SPB/SFX'instrument'in'the'configuration'available'for'the'Early'User'Experiments'is'shown'
in'Figure'2.''

'
 
Figure'2:'Schematic'picture'of'the'SPB/SFX'instrument'configuration'for'Early'User'Experiments.'
'
The' XOray' beam' from' the' SASE1' undulator' will' be' focussed' by' beryllium' compound' refractive' lenses'
(CRLs).'The' lenses'have'been'selected'to'focus'the'beam'at'the'sample' location'down'to'around'2.5'µm'
(FWHM),'which'corresponds'to'3'x'1010'photons/µm2/pulse.1'
'
The'SPB/SFX'instrument'allows'its'users'to'select'an'individual,'or'a'sequence'of'trains'by'means'of'a'fast'
shutter,'referred'to'as'the'pulse'picker'(designed'for'attenuated'or'limited'numbers'of'pulses'in'a'train).'
The' incident' flux' will' be' controlled'with' the' help' of' solidOstate' attenuators,' while' beam' profile' will' be'
optimized' and' background' minimized' using' multiple' sets' of' slits' installed' along' the' beam' path,'
incorporating' highOZ' and' lowOZ' blades' in' order' to' function' over' the' entire' photon' energy' range' at' the'
SPB/SFX'instrument.'
'
The'capabilities'of'the'optical' laser'systems,'the'sample'delivery'systems,'the'AGIPD'detector,'and'other'
devices'will'be'outlined'in'separate'sections.'

X?ray'Beam'Conditioning'and'?'Monitoring'
'
The'stochastic'nature'of'the'XOray'lasing'process'(selfOamplified'spontaneous'emmission'='SASE),'the'high'
power' of' the' generated' radiation,' and' the' novelty' of' the' accelerator' will,' most' likely,' be' reflected' by'
instability' of' the' XOray' beam.' Hence,' photon' flux,' photon' energy,' and' beam' pointing' are' expected' to'
fluctuate'on'a'shotOtoOshot'basis.'Therefore,'the'European'XFEL'is'equipped'with'a'variety'of'electron'and'
photon'beam'diagnostics'in'the'accelerator,'undulator,'and'photon'beam'transport'sections'of'the'facility'
in' order' to'monitor' and' control' a' large' number' of' electron' and' photon' beam' parameters' during' data'
aquisition.''
'
Upstream'of' the' SPB/SFX' instrument' in' the'photon' tunnel,' two'minimally' invasive,' gasObased' FEL'pulse'
intensity'monitors'as'well'as'a'spectrometer'will'be'available.'The'pulse' intensity'monitors'will'measure'

                                                
1 Soon'after'completion'of'the'first'run'of'the'early'user'program,'the'Berylium'lenses'are'scheduled'to'be'replaced'by'two'sets'of'
KB'mirrorrs,' designed' to' focus' the'beam'down' to' approx.' 1'µm'and'100'nm,' respectively.' This' upgrade'of' focusing'optics'will'
dramatically'extend'capabilities'of'the'SPB/SFX'intrument.''
 

 As components delivered they have been tested for functionality in house

Catches compliance issues before installation

Ensures we understand how to control each component prior to installation

Builds in-group familiarity with Karabo and the supporting control electronics
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Day one science possibilities
 Early Users’ Workshop to explore day one science possibilities was held in November last year

 Break out sessions were held on different, feasible science directions:

 1) Serial crystallography: static structures

 2) Time Resolved Serial Crystallography (particularly ps and longer Δt)

 3) Single particle imaging of larger structures (limited by ~ 2.5 µm day one beam size)

 Some common community-driven proposals were identified and discussed—see workshop 
webpage for details 

  Day one conditions particularly suited to serial crystallography
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 The downstream interaction region will leverage:

Common sample delivery manipulator mount 

Common design of clean up apertures

Common microscopes for viewing  
liquid jets and sample region

A larger, 4Mpx AGIPD (under  
development)

 Key differences include:

 A focus on serial crystallography

Improved resolution  
range with the 4Mpx  
detector

More compact sample chamber

9

Already planning day two: 
Progress on the downstream interaction region

Overview of upstream interaction region
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 First of the super-polished focusing mirrors within specification at vendor 

(horizontal ellipse and vertical plane for the micron scale KBs)

remarkably this has occurred ahead of schedule 

 Others not far behind in polishing process

 All expected to be delivered by end March this year

Leaves many months for metrology and coating

Tentative plan to install in shutdown period after first user run at the end of this year

10

Already planning day two: 
The SPB/SFX super-polished focusing mirrors
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Early user proposals, more information, contact details

spb.sfx@xfel.eu

sample.environment@xfel.eu

useroffice@xfel.eu

software.spb.sfx@xfel.eu

www.xfel.eu/research/instruments/spb_sfx

 Ticket system available for enquiries in four distinct 
areas 

General enquiries about instrumentation and 
capabilities 

Enquiries about specifics of the sample environment, 
including sample delivery or sample handling a 
laboratories 

Proposal administration, travel, accommodation 

Enquiries regarding analysis software
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Conclusions
 The SPB/SFX instrument is making significant progress and is on track to welcome early (robust!) 

users to make use of the day one instrumentation from September

 The schedule is challenging and very tight, however, present activity inspires confidence

 More information about the all things relevant to users is available

 www.xfel.eu/research/instruments/spb_sfx/ 

 spb.sfx@xfel.eu and other email contacts

 Day two developments inc. the downstream interaction region and mirror optics are already well 
underway and on the expected time schedule

 There’s much more going on that I haven’t had time to show you—make sure you check out our 
posters and talk with the SPB/SFX team during today’s tour and the rest of the meeting
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 More information about the all things relevant to users is available

 www.xfel.eu/research/instruments/spb_sfx/ 

 spb.sfx@xfel.eu and other email contacts

 Day two developments inc. the downstream interaction region and mirror optics are already well 
underway and on the expected time schedule

 There’s much more going on that I haven’t had time to show you—make sure you check out our 
posters and talk with the SPB/SFX team during today’s tour and the rest of the meeting
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We’re hiring!

 Postdoctoral researchers for coherent x-ray imaging and/or serial crystallography 

 http://www.xfel.eu/careers/open_positions/scientific_staff/s_162/ 

 Closes soon — Feb 7th! 

 Electrical Engineer (infrastructure/controls)  

 http://www.xfel.eu/careers/open_positions/engineering_technical_staff/e_145/  

 Closes pretty soon — Feb 15th 

 And more positions into the future
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